ABSTRACT. Three marine diatom species (Cyclotella sp., Nitzschia closterium and Thalassiosira nordensk~oldii) were exposed to a range of daily doses of ultraviolet B radiation (UVBR: 280-320 nm). The lowest UVBR treatments (c2000 J m-' d-!, DNA weighted biologically effective dose, normalised at 300 nm: daily BEDoh,\ nm) resulted in decreased division rates, volume enlargement and elevated cellular protein and pigment content levels. The highest UVBR treatments (between 2000 and 3800 J m-' d-' daily BEDnu, l rl i , , , ) resulted in complete growth inhibition, accompanied by only minor changes in protein, pigments and cell volume. Recovery of cell division after UVBR exposure was decreasingly successful with increasing UVBR dose rates. Ultrastructural examination of exposed Cyclotella cells indicated that high UVBR levels induced plasmolys~s and disol-ientation of cell organelles.
INTRODUCTION
Thinning of the stratospheric ozone layer will i ncrease the amount of incident ultraviolet B radiation (UVBR) as well as the UVBR/(UVAR + PAR) (ultraviolet A and photosynthetically active radiation, respectively) ratio due to the distinct absorption of ultraviolet light by ozone (Cutchis 1974 , Kerr & McElroy 1993 . Light of short wavelengths in the UV range of the spectrum penetrates to significant depths in clear seawater (Smith & Baker 1979 , Gieskes & Kraay 1990 , where it may affect marine communities. Many biological parameters are measured as indicators of the detrimental effect of UVBR on aquatic organisms (Cullen & Neale 1994) . Most commonly, short term ( < l d) incubation experiments are carried out to quantify the effect of UV radiation on photosynthetic rate (Lorenzen 1979 , Smith et al. 1980 , Worrest et al. 1981 , Cullen & Lesser 1991 , Helbling et al. 1992 , Behrenfeld et al. 1993a , b, Prezelin et a1 1994 , Schofield et al. 1995 . Studies of effects over longer time scales ( > l d) have focussed on viability, growth rate reduction, nutrient metabolism or community composition (Worrest et al. 1978 , Jokiel & York 1984 , Dohler 1985 , Behrenfeld et al. 1992 , Bothwell et al. 1993 , Davidson et al. 1994 . In some species an increase in cell size was found as a result of UVBR exposure (Karentz et al. 1991 , Behrenfeld et al. 1992 . Dohler (1985) found that low UVBR doses positively affected biomass production (dry matter and protein).
A major effect of UVBR on marine microrganisms is mediated by direct damage to DNA, as demonstrated by experimental studies (Karentz et al. 1991 , Buma et al. 1995 . DNA damage has been detected both in isolated DNA and in repair deficient bacteria incubated below the sea surface (Karentz & Lutze 1990 , Regan et al. 1992 . Among the variety of lesions and breaks that can be induced In the DNA of living organisms, cyclobutane pyrimidine dimers, especially thymine dimers, prevail as a result of UVBR exposure (Tyrrell 1986 and references there~n). Dimers hinder genome replication because the action of DNA polymerase is blocked (Setlow et al. 1963 , Swenson & Setlow 1966 . However, DNA damage can be repaised, for example by photoreactivation (Sancar & Sancar 1988) . Buma et al. (1995) demonstrated that thymine dimers appear in nuclear DNA of Cyclotella sp. at low levels of UVBR <2000 J m-' d-' DNA weighted (daily biologically effective dose: daily BEDDNA 30n n t , , ) Although thymine dimers were readily removed in the period after UVBR exposure (Buma et al. 1996) , DNA damage caused an arrest of the cell cycle in the S or G2 phase, judging from DNA synthesis patterns (Buma et al. 1996) .
In this study, experiments were done to investigate the effects of prolonged UVBR exposure on growth rate, cell volume, protein content, pigment composition and ultrastructure of 3 common marine diatoms, Cyclotella sp., Thalassiosira nordenskioldjj and Nitzschia closterium. The hypothesis is that growth rate reduction, caused by the interference of UVBR in the cell cycle, affects these cell characteristics.
MATERIALS AND METHODS
Experiments were done with 3 marine diatoms: Nitzschia closterium and Cyclotella sp., both obtained from the RUG (Rijksuniversiteit Groningen) culture collection (originally isolated from the North Sea), and Thalassiosira nordenskioldii derived from the German Bight (isolation: J . v. Beusekom). Cells were grown in f/4 medium based on artificial seawater with a salinity of 33"& (Guillard 1976) . The experiments were performed in a culture cabinet at a temperature of 15 * 1°C and a light-dark regime of 14 h 1ight:lO h dark. Two types of culture chambers were used. In one type, cells were grown in 250 m1 polystyrene culture bottles to measure the influence of UVBR on division rate, protein content and pigment content. Samples for ultrastructural examination were also harvested from these culture bottles. In the other type, cells were grown in 300 p1 polystyrene wells to measure the influence of different UVBR levels on division rate, cell volume and the recovery of individual cells after a period of UVBR exposure. In both culture chambers cells were exposed to UVBR for 3 or 6 h d-l in the middle of the l~g h t period and harvested when the cultures were still in the log phase of growth (after 5 or 6 d ) . The Intensity of PAR in the bottles and trays was 5 * 0.5 W m-'. The trays were closed with Texa colorless adhesive tape to prevent water loss due to vaporization.
The culture bottles and trays were placed on 2 plexiglass shelves, one transparent for UVBR and UVAR (not for UVCR; for transmission characteristics see Steeneken et al. 1995) and one which blocks UVCR and UVBR, above a Philips TL 12 fluorescent lamp which served as the UVBR source. Spectral emission from the lamp ranged from 275 to 400 nm with an emission peak at 312 nm. UV was filtered by both the polystyrene of the culture bottles and plexiglass of the trays (Fig. 1) . The transmission of the materials was measured with a CARY spectrophotometer (Model 3e, UV-Visible, Varian). Spectral lamp emission was measured with an Optronics OL 752 spectroradiometer The Optronics OL 752 was calibrated using a 200 W Tungsten coiled-coil filament lamp. A gradient of UV doses was obtained by either using various exposure times (3 or 6 h) or by altering the distance between the lamp and the cultures. UV spectra were weighted with the DNA action spectrum of Setlow (Setlow 1974) , which was normalised at 300 nm. Two 250 m1 polystyrene culture bottles were placed on the UV transparent perspex; 2 other bottles placed on, nontransparent plexiglass served as reference bottles. To determine the response of cell division and cell volume to UV exposure, indiv~dual cells were placed in 300 p1 wells, up to a total of 20 to 30 individuals per species. One half of the trays was irradiated with UVBR, the other served as a blank. Cells in culture bottles were exposed to 0, 750°, 1500', 1510", 3130", 3820' J m-2 d-l. Cells in the microwells were exposed to 0, 450', 820', 910", 1660", 2350' J m-* d-' ( ' and " indicate 3 and 6 h UVBR exposure per day respectively), all daily biological effective doses (BEDDNn 300 using Setlow's (1974) DNA action spectrum, normalised at 300 nm. Daily BEDs up to 1700 J m-' d-' may be considered realistic for temperate regions, according to data presented by Behrenfeld et al. (199313) and Crutzen (1992) for incident daily BEDs reaching mid-latitudes during summer months. Each day the cultures in the bottles were resuspended prior to sampling. Cells were The following major diatom pigments were measured in duplicate: chl a , chl c, and c?, diadinoxanthin + diatoxanthin, and fucoxanthin. Pellets were extracted overnight in 1 to 2 m1 acetone (90%). After filtration (Whatman GF/F glassfiber filter) 20 to 100 p1 was injected into a HPLC system (Kratos) equipped with a RPCl8 (5 pm 30 cm, 0 3.9 mm) column. The rate of solvent flow was 1 m1 min-l. Expansion of peaks was done using a reversed phase gradient elution method. ). The pigment content per cell (pg) and the pigment ratio, relative to chl a (w/w X loo%), were calculated. For ultrastructural examination of UV effects, cells were harvested from the cultures exposed to 1510 and 3820 J m-' d-' by centrifugation and fixed immediately in 0.1% glutaraldehyde (final conc.) for 1 h. After 2 rinses in cacodylate buffer at pH 7.2 followed by 1 rinse in water the material was postfixed in 1.5% KMnO, for 15 min at 20°C. After several rinsing steps with water the material was resuspended in uranylacetate and centrifuged for 10 to 15 rnin (16 000 X g). After 12 h incubation in UoAcHzO the pellets were dehydrated. Dehydration was achieved by using a stepwise increase in ethanol content up to 100% followed by a brief rinse in propyleneoxide for 5 min at 20°C. Embedding was done in Epon. Cutting of the embedded material was done on an Ultrotome main unit type 4801A, followed by collection on grids and examination on a Philips EM 201 and a Philips CM 10.
RESULTS
No significant differences in division rates were found between bottles and trays. As a result of the UVBR treatments, division rates declined in all species ( Fig. 2A-C ). Exposures of 6 h d-' did not result in significantly higher division rates when the daily UVBR dose was virtually identical to the one received during the 3 h exposures. Recovery of growth after the UV treatment indicated that Nitzschia closterium was less Error bars show standard deviations of the means. (A) Cyclotella sp.; (B) Nitzschia closterium; (C) Thalassiosira nordenskioldli. Data points marked with '6' represent the 6 h UVBR exposures; other data points refer to 3 h exposures successful in overcoming UVBR exposure than Cyclotella sp. Ten percent of Cyclotella sp. resumed cell division after a n exposure to 2350 J m-' d-I while N. closterium and Thalassiosira nordenskioldii did not recover at all (Fig. 3) The lower rate of cell division as a result of exposures up to 1660 J m-2 d-' was accompanied by a great increase in cell size in Cyclotella sp. (Fig 4 ) . This increase in cell size did not, however, compensate for the decreased division rate so that total biovolume production in the cultures was much lower and decreased progressively with the level of radiation. At the high.est level of radiation cell division stopped completely whereas cell size increase was less pronounced compared with the lower UVBR doses (Fig. 4) . All species showed a significant increase in cellular protein content at increasing UVBR exposures up to 1510 J m- . After irradiation for 6 h d-' a smaller increase in the light harvesting pigments was measured than after the 3 h irradiation treatments, except for the concentration of chl c, and c2 which remained the same at increasing exposures (Table 1) . Because of the similar effect on all pigments, increasing UVB exposure did not affect pigment ratios. Concentrations of light harvesting pigments of Nitzschia closterium and Thalassiosira nordenskioldii were not significantly affected by UV exposure (Table 1) . Exposure to 3130 J m-' d-' caused a significant increase in diadinoxanthin + diatoxanthin cell-' in N.
clostenum (p c 0.05) resulting in an increase of the ratio of diadinoxanthin + diatoxanthin to chl a at an exposure to 3130 J m-2 d-' UVBR (p < 0.05). In T nordenskioldii pigment ratios did not change at all. On the ultrastructural level, simiIar effects were found for all 3 species when UVBR exposed cells were compared with unexposed log phase cells (Fig. 6 , only shown for Cyclotella sp.). Unexposed interphase cells showed organised cell structures. Chloroplasts were found around the perimeter and the central nucleus was surrounded by the Golgi complex and a large vacuole (Fig. 6A, B) . Also, a clear contrast between the nucleoplasm and the chromatin was found. After irradiation with 1510 J m-2 d-' UVBR, cells increased in size (Fig 6C) . Sometimes, unusually long cells were found (Fig. 6D) , by far exceeding the pre-mitotic cell length of unexposed cells (G2, cf Fig 6A) . Chloroplasts seemed to increase in number but to decrease in volume after UVBR exposure. The structure and the density of the thylakoids inside the chloroplasts did not seem to be affected when inspected at high magnification. Additionally, chloroplast distribution within the Daily BEDDNA300nm (J m-2 d-l) cell lumen was less organised compared with unexposed cells (Fig. 6C ). After irradiation with 3820 J m-2 d-' many cells showed plasmolysis, judging from the formation of numerous small vacuoles filled with disintegrating cytoplasm (not shown). The nuclear envelope as well as the cell membranes and mitochondria seemed unaffected in all species. Finally, the contrast between the nucleolus, chromatine and nucleoplasm faded with increasing UVBR exposure.
DISCUSSION
The relative impact of ultraviolet light on various target processes (photosynthesis, nutrient uptake, DNA replication) under natural conditions is largely unknown. This is partly due to the fact that spectral conditions and exposure regimes in the natural underwater environment are very difficult to either measure or model. Whether a UVBR-induced effect will become manifest will be determined by the level of UVBR, the spectral composition of the light in the UVBR range, the sensitivity of the organism(s) involved, the exposure regime and the relative abundance of the longer wavelengths involved in repair, i.e. UVAR and PAR (Smith et al. 1992) . The results presented here may therefore not be applicable to natural conditions. Even though the lower UVBR doses (daily BED,,..,,,,,,, < 2 kJ m-2 d-') were within naturallimits (Behrenfeld et al. 1993b ), the UVR:PAR ratios were approximately 10 times higher than those found in nature, due to the low PAR irradiance levels used in the experiments. Certainly, wavelengths involved in repair were underrepresented in this study. The same may hold for wavelengths involved in UVR-induced photoinhibition. Daily incident BEDS for 53" N, as calculated with the model of Bjorn & Murphy (1985) , are 1.71 kJ m-2 when using the action spectrum of Setlow (1974) , 16.5 kJ m-2 when using the photoinhibition action spectrum of Cullen et al. (1992) and 9.27 kJ m-2 when using the DNA action spectrum of Quaite et al. (1992) , all normalised at 300 nm. A comparison with the spectral conditions in our experiments revealed virtually similar daily BEDS for all 3 action spectra (1.71 kJ m-2 Setlow,,,,,,; 1.865 kJ m-2 Cullen et al.,,, , , : , ; 1.47 kJ m-' Quaite et al.,,,,,,) . This indicates that photoinhibition was less involved in the UV stress observed here than can be expected under natural spectral conditions. Nevertheless, the results may be valuable in view of the possible mechanism(s) involved in growth rate reduction in marine microalgae as a result of prolonged UVBR exposure. Table 1 . Effect of different levels (J m-2) and lengths (3 or 6 h) of UVBR exposure on pigment contents (pg cell-') in 3 marine diatoms Decreased division rates at low UVBR exposures were found UVBR-induced increases in cell size, even under typically accompanied by increases in cell size, protein natural UVR conditions (Behrenfeld et al. 1992 ). All and pigment content in Cyclotella sp., whereas at higher species tested In our present study showed an increase in non-realistic doses these effects were not recorded. cellular protein content after exposure to low to mod- Karentz et al. (1991) and Behrenfeld et al. (1992) also erate levels of UVBR. Elevated protein levels have also been found in plant leaves (Tevini 1981) and in another dlatom (Dohler 1985) and may be associated with the biosynthesis of typical UV stress proteins, as demonstrated for several diatoms (Dohler et al. 1995) . Finally, at low UVBR doses, an increase was found in Cyclotella sp. in cellular photosynthetic pigment contents, photoprotective carotenoids (d~adinoxanthin + diatoxanthin), or both. This contrasts with numerous studies in which UVBR caused decreases in chlorophylls or carotenoids (Dohler 1985 , Bidigare 1989 . On the other hand, Dohler et al. (1991) showed an increase in the chl a content of diatoms exposed to low UVBR doses, whereas Adamse & Britz (1992) found increases in chlorophylls in cucumber leaves upon exposure to UVBR. Our data indicate that reciprocity holds for the species tested here: the 3 h and 6 h treatments gave comparable results for UVBR-induced growth rate reduction and changes in volume and protein. However, the scatter in our data set as well as the limited amount of observations do not seem satisfactory to justify such a conclusion. Moreover, reciprocity may not be accepted as a general rule, and may depend on the species or the parameter under cons~deration (Cullen & Neale 1994 , Helbling et al. 1994 .
Our results support the hypothesis that DNA is one of the primary targets of UVBR (Karentz et al. 1991 , Buma et al. 1995 , 1996 . DNA damage causes inhibition of DNA replication, which is a precondition for cell division. Cellular growth and synthesis of structural components require DNA transcription-not necessarily DNA replication-and occur during the whole interphase, but mainly during the G1 phase of the cell cycle. Slnce cellular growth as well as increases in cellular components were measured, low levels of UVBR do not seem to hinder transcription of DNA. Therefore, cell size as well as pigment and protein contents may have increased until the point where DNA damage prevented the cell from con~pleting the DNA replication phase (S phase). DNA staining with Hoechst showed that nuclear division had not occurred In cells that showed cell volume enlargement (results not presented). The increase in pigment content per cell might be associated with an increase in the number of chloroplasts, the division of which is not mediated by nuclear DNA. This was supported by ultrastructural observations, where the amount of chloroplasts seemed to have increased at the low UVBR exposure. These results imply that UVBR has a stronger impact on nuclear DNA as compared to chloroplast DNA, possibly due to the protection of chloroplast DNA by surrounding pigments.
In contrast, higher UVBR exposures did not result in increased size and cellular components. In these cases growth was con~pletely inhibited. It is likely that these high, non-realistic doses not only completely block metabol~c processes (including protein and pigment biosynthesis), but also strongly reduce cell viability. This is supported by ultrastructural observations, which suggest that plasmolysis took place In most cells. Additionally, the recovery experiment showed survival in only a few percent of the Cyclotella sp. cells after high UVBR exposure. The recovery of cell division in vlsible light aftel-exposure to low UVBR indicates that DNA repair mechanisms were operative, as found earlier in Cyclotella sp. (Burna et al. 1996) . Behrenfeld et al. (1992) found that cell enlargement was reversible and that cells were able to regain their normal size after a UVBR exposure period. In our experiments, many Cyclotella sp. cells recovering from UVBR also regained their original size.
Within a population of Cyclotella sp. cells, a large variation in cellular DNA damage can b e found, as monitored with flow cytometric detect~on of damage in individual cells (Buma et al. 1995) . This means that within an exposed population a mixture of cells can be found which contaln either undamaged DNA, slightly damagedhepairable DNA, or highly damaged/nonrepairable DNA. The data presented here suggest that repair becomes decreasingly successful with increasing UVBR doses and that the fraction of non-repairable and non-viable cells reaches 100% at the highest doses. Finally, growth rate reduction at the lower (realistic) UVBR doses Illay therefore be caused partly by a delay in mitosis until DNA damage is repaired and partly by the presence of a non-viable fraction Netherlands) a n d J Zagers for technical s u p p o~t and valuable suggestions Suggestions of J J Cullen and seveial anonymous ieferees were greatly a p p r e c~a t e d Thls study 
